SnTe-doped InP layers were grown at low temperature by solid-source atomic layer molecular beam epitaxy. The samples were characterized by Hall measurements versus temperature, low temperature photoluminescence, x-ray diffraction, and secondary ion mass spectroscopy. The temperature of the SnTe effusion cell was varied from 320 to 440°C, and the free electron concentration measured at room temperature ranged between 2.0ϫ10 16 cm Ϫ3 and 5.6ϫ10 18 cm
I. INTRODUCTION
The increasing widespread use of InP-based devices in lightwave communication systems has resulted in a recent uptake in research on InP and related compound semiconductor materials. InP grown by solid-source molecular beam epitaxy ͑MBE͒ has been n-type doped with Si 1,2 and Sn 3 up to ϳ1ϫ10 20 cm Ϫ3 . SnTe doping is compatible with the growth of InSb, 4 GaInSb, 5 and GaAs 6, 7 and it has been applied to the growth of InP by organometallic vapor phase epitaxy, 8 but its effect has never been studied on InP grown by solid-source MBE. The SnTe source operates at low temperature ͑LT͒ ͑Ͻ450°C͒ and Te is expected as the main source of donors, whereas Sn is expected to act as a weakly compensating donor due to its amphoteric nature. In this article, we study the electrical and optical characteristics of SnTe-doped InP grown at LT ͑Ͻ400°C͒ by solid-source atomic layer MBE ͑ALMBE͒. Room temperature ͑RT͒ Hall measurements showed n-type doping in all of our SnTedoped InP with concentrations of carriers ranging from 2.0 ϫ10 16 to 5.6ϫ10 18 cm Ϫ3 . Double crystal x-ray diffraction ͑XRD͒ was used to assess the structural quality of the samples. LT photoluminescence ͑PL͒ spectroscopy showed a blueshift of the band-to-band peak with increasing levels of doping. Secondary ion mass spectroscopy ͑SIMS͒ analysis showed very similar concentrations of Sn and Te, both in the order of the total free carrier concentration at RT. Surprisingly, a very high concentration of oxygen was found also by SIMS. With the exception of the sample with the highest doping level (n 300 K ϭ5.6ϫ10
18 cm Ϫ3 ), the concentration of oxygen was found even higher than the concentrations of Sn and Te. Despite this anomalous high concentration of oxygen, the values obtained for the carrier concentration and for the mobility are comparable to those obtained by Si-doped InP.
II. EXPERIMENT
The layers were grown on Fe-doped ͑semi-insulating͒ ͑100͒ InP substrates by ALMBE using all solid sources. In the ALMBE mode of growth the group V beam is modulated by opening the valve of the group V cell only a fraction t of the time T needed for the deposition of one monolayer of InP, which is the inverse of the growth rate (Tϭ1/r g ). The P effusion cell has a two-temperature zone for production of white P 4 and a cracker section for the cracking to P 2 , and it was designed 9 to allow operation in a pulsed mode by incorporating a fast-acting valve. We used the reflectance difference ͑RD͒ technique for in situ, real-time control of the growth. 10 The RD signal monitors the variation of the surface chemistry 11 during growth and allows providing of the exact amount of phosphorous needed to complete one monolayer of InP. This method has been successfully used to obtain optimum electrical and optical properties of unintentionally doped 12 and Be-doped 13 InP grown at LT by ALMBE. Under this automated optical control we only need to set a growth rate, previously calibrated by reflection high-energy electron diffraction ͑RHEED͒ oscillations, typically of one monolayer per second ͑ML/s͒.
The RD signal is used as the on/off trigger signal for the phosphorous cell. The cell is open only at time t, which is a fraction of the time T needed for the completion of one atomic ML and effuses during this time t the optimum amount of phosphorus needed for the completion of the InP monolayer. The phosphorus pulse amplitude ͓beam equivalent pressure ͑BEP͔͒ for each pulse t was in the order of 1.4ϫ10
Ϫ6 mb when the cell was closed ͑corresponding to the background pressure͒ and increased up to 2.5ϫ10
Ϫ6 mb when the cell was open ͑the In cell was always open͒. The BEP amplitude can be adjusted independently so the total dose of phosphorous per second ͑i.e., per monolayer͒ is completely controlled. RHEED was used also to monitor the surface reconstruction during growth. During the growth by ALMBE we observed an alternating RHEED pattern between a ͑2ϫ1͒ corresponding to a P-stabilized surface to a ͑2ϫ4͒ shortly after the P 2 beam is shut off. The thickness of Figure 1 shows Hall mobility at RT, 300 K , as a function of the free-electron concentration measured at RT, n 300 K , for different SnTe-doped InP layers. For comparison, we have included also two InP samples doped with Si. The values for the mobility of the SnTe-doped InP samples are comparable to those reported in the literature for Si-doped InP grown by solid-source MBE.
III. RESULTS
1 Figure 1 shows also three n 300 K -300 K curves for different compensation values for InP obtained from Ref. 14. By comparison with these curves we estimate that our SnTe-doped samples have a compensation factor, defined as Cϭn
Cϭ2. Both Si-doped InP samples are also close to this value. For the sample with minimum doping (n 300 K ϭ2.0 ϫ10 16 cm Ϫ3 ) the compensation increases up to a value slightly below Cϭ5. Figure 2 shows the variation of the free-electron concentration with the temperature for several samples with different doping level. Even for the sample with the lowest doping level (n 300 K ϭ2.0ϫ10
16 cm Ϫ3 ) the behavior corresponds to that of conduction by the conduction band and the impurity band. 15, 16 For that sample, the temperature of the SnTe cell was T SnTe ϭ320°C. We could not obtain samples with lower doping levels by decreasing the temperature of the SnTe cell below 320°C. A fully degenerated behavior was found for the sample with the highest doping level (n 300 K ϭ5.6ϫ10
) along the range of temperature measured ͑20-300 K͒. Figure 3 shows the variation of the Hall mobility with the temperature. As the doping level decreases the mobility shows an increasing tendency to drop for temperatures below 100-200 K, showing more clearly the effect of impurity scattering on carriers. tion during the growth, despite the low temperatures used, as has been observed by other authors. 3 The SIMS analysis shows also a high concentration of O in all of the four samples. Only the sample with the highest doping level (n 300 K ϭ5.6ϫ10
18 cm Ϫ3 , T SnTe ϭ440°C) shows levels of Sn and Te higher than the level of O at depths far from the surface of the sample. High oxygen concentrations on phosphides grown by MBE have been reported by other authors 17 and a dopant-tracking behavior has been observed in InP and InGaP layers doped with Si and Be. 18 In this case, however, the concentration of O diminishes as the Sn and Te concentration increases, opposite to the behavior observed for Si and Be. 18 Despite the high levels of oxygen found in these four samples, the mobility does not show much lower values than the Si-doped ones, and the compensation factor is also similar for both sets. Figure 5 shows the net free electron concentration at RT, n 300 K , the Sn and Te concentration obtained by SIMS, ͓Sn͔ and ͓Te͔, and the total concentration of Sn and Te atoms, ͓Sn͔ϩ͓Te͔, as a function of the reciprocal temperature of the SnTe furnace. The values for the concentrations were taken at the middle point of the total depth of the epilayer. The values for n 300 K below 1.6ϫ10 18 cm Ϫ3 exhibit a slope similar to the values from Collins et al. 7 for Sn Te doped GaAs. The values for n 300 K are under the ͓Sn͔ϩ͓Te͔ values, tracking the Te concentration closely. This may indicate that only the Te is responsible for the doping level reached, as has been observed in SnTe-doped InSb, 4 while the Sn acts as an amphoteric dopant or it may be oxidized in form of SnO. The sample with the highest doping level (n 300 K ϭ5.6 ϫ10 18 cm Ϫ3 , T SnTe ϭ440°C) showed a clear deviation from the straight line suggesting that a degree of saturation was reached. A standard rocking-curve obtained by double crystal XRD on this sample showed a second peak near the substrate peak, indicating a clear lattice distortion due to the high doping level. During the growth of this sample a hazy RHEED pattern with slight three-dimensional features was observed and no samples were grown for temperatures of the SnTe above this value ͑440°C͒. Figure 6 shows the PL spectra obtained at 12 and 70 K of the SnTe-doped InP samples with free electron concentration at RT ranging from n 300 K ϭ3.1ϫ10
17 cm Ϫ3 to n 300 K ϭ5.6ϫ10
18 cm
Ϫ3
. The intensity of the spectra was normalized to the maximum intensity of the highest peak. The good optical quality of the samples is evidenced by the absence of the band associated to stoichiometric defects at energies lower than the band gap. 13 All of the spectra showed two main peaks: one near 1.42 eV that corresponds to band-toband transitions ͑B-B͒ and other near 1.39 eV that corresponds to a donor-band ͑D-B͒ or donor-acceptor ͑D-A͒ transitions. At 12 K, for low carrier concentration ͑from n 300 K ϭ3.1ϫ10
17 cm Ϫ3 to n 300 K ϭ6.0ϫ10 17 cm Ϫ3 ) the main peak corresponds to impurity level transitions although the B-B peak is clearly resolved, shifted ϳ24 meV to higher energies. Activation energies of ϳ30 and ϳ6 meV have been reported for Te-doped and Sn-doped GaAs samples respectively. 19 As the doping level increases (n 300 K ϭ1.6 ϫ10
18 cm Ϫ3 to n 300 K ϭ5.6ϫ10 18 cm Ϫ3 ) the B-B peak broadens, increasing its intensity and shifting to higher energies, due to the increasing Fermi level and overlapping between the impurity band and the conduction band ͑Burstein-Moss shift͒. 20 The spectrum for the sample with n 300 K ϭ5.6 ϫ10
18 cm Ϫ3 showed a main peak corresponding to the B-B transition. At 70 K a main B-B peak dominates the spectra for all doping levels. The intensity of the peak associated to impurity levels, D-A and D-B, increases with the doping level. Both B-B and D-A/D-B peaks shift to higher energies and broad with the increasing doping level. Figure 7 shows the evolution of the energetic position of the B-B mean peak with the carrier concentration measured at RT. The peak shifts ϳ25 meV for each order of magnitude of increase in the carrier concentration. The typical BursteinMoss shift assuming an ideal parabolic conduction band should be ϳ100 meV for each order of magnitude in the carrier concentration. carrier degeneracy may be the reason for the slower increase that we observed. The D-B peak shows a different evolution as the carrier concentration increases. At 12 K the position of the D-B ͑or D-A͒ peak does not vary with the carrier concentration, but at 70 K a clear blueshift is observed, reaching a saturation point for values of the carrier concentration higher than 1.6ϫ10 18 cm
. The higher thermal energy at this temperature is enough to allow the carriers transitions to slightly higher energies inside the overlapping bands.
In conclusion, we have successfully obtained n-type doping on InP samples using a SnTe source for dopant. Values of n doping ranging from 2.0ϫ10 16 cm Ϫ3 to 5.6ϫ10 18 cm Ϫ3 with mobility ranging from 2320 to 1042 cm 2 /V s at room temperature have been obtained. Despite the high concentration of oxygen observed in four of the samples, the structural, electrical, and optical properties obtained are comparable to the obtained for Si-doped InP samples. Further work is needed to understand the role of the Sn in the doping and the origin of the oxygen detected.
